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Knowledge about hydrogen self diffusion (Dy) is critical for determining mantle hydrogen
distribution and understanding point defects. Also chemical diffusion of hydrogen in olivine,
such as redox exchange with polarons (Dgegox), depends on Dy. In this study deuterium ’H was
exchanged into hydrogen 'H saturated single crystals of San Carlos olivine between 750-900 °C

at 2 GPa. We measured and fit the resulting “H profiles to obtain Dy fjog = 100+ = 1##gl140%

30kJ/mol/(RT) mz/s, which is ~1 log unit lower than Dredox, (100, With similar activation enthalpy H,.
By comparing these two diffusion coefficients, we estimate the small polaron diffusion
coefficient. Additionally, we estimate Dy in the [010] and [001] orientations, demonstrating that
Dy is highly anisotropic in olivine. These Dy values were used with the Nernst-Einstein relation
to estimate the electrical conductivity by hydrogen in olivine (o = 10! % 30/mDRD g/ for
107 wt% H,0) that is lower in magnitude than previous measurements. Our results suggest that
hydrogen alone cannot account for high electrical conductivity anomalies observed at
asthenospheric depths (~107 to ~10"' S/m). The maximum anisotropic variation of Dy; and oy in
olivine is ~2 log units between 750-900 °C, and increases when extrapolated to higher
temperature (~3.3 at 1400 °C). Anisotropy observed in the mantle may indicate substantial
amounts of hydrogen in olivine with lattice-preferred orientation.
1. Introduction

Determining the H,O distribution in Earth is essential for understanding mantle flow and
for improving interpretations of geophysical data due to the strong influence of hydrogen on the

physical and chemical properties of mantle minerals. Hydrogen can occur in significant

concentrations as defects in nominally anhydrous minerals. Its presence weakens Si-O bonds,
1
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and as a result affects elastic properties, rheology, phase equilibrium, transport properties, and
melting behavior [Jacobsen and van der Lee, 2006; Keppler and Smyth, 2006]. However, the
amount of hydrogen present in the mantle is largely unknown.

Estimates of mantle H,O content range from essentially dry to 5.5 ocean masses (1 ocean
mass = 1.4x10*' kg H,0) or ~1900 ppmw H,O [Hirschmann et al., 2005]. All mantle minerals
studied thus far are able to host significant amounts of hydrogen in their crystal structure
[Bolfan-Casanova, 2005]. Experimental H,O solubility measurements of mantle minerals have
underlined important H,O storage capacities of mantle mineral assemblages, such as 31,000
ppmw for (Fe,Mg),Si04 wadsleyite [Inoue et al., 1995] and 24,000 ppmw for (Fe,Mg),Si04
ringwoodite [Kohlstedt et al., 1996].

Hydrogen diffusion in mantle minerals is important for understanding hydrogen
transport, mixing, and reservoirs in the mantle. To maintain charge balance in olivine, the
presence of hydrogen affects the concentrations, and thus the diffusivities, of other ionic defects
(e.g., small polarons, metal- and silicon-vacancies). Chemical diffusion is driven by the presence
of a chemical gradient. Kohlstedt and Mackwell [1998] measured hydrogen chemical diffusion
coefficients in olivine. They identified two mechanisms to incorporate hydrogen into dry olivine
while maintaining stoichiometry: a faster ,yedox exchange mechanism (originally referred to as
Degxch, but herein referred to as Dredox to avoid confusion with deuterium-hydrogen exchange)
and a slower ,,incorporation” mechanism (Djncorp). Redox exchange involves exchange of
hydrogen with charged polarons, electron holes (h) created by a ferric iron ion on an octahedral

site Feyge. Dredox can be expressed as
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Dredox = (XntXu)DhDu/(XsDptXuDHh) (1)

where Dy (m?/s) is the self diffusivity, X (1/m’) is the concentration of hydrogen, Dy, (m?/s) is
the diffusivity, and X (1/m?) is the concentration of small polarons [Kohlstedt and Mackwell,
1998; 1999]. For special case X}, = Xy and if Dy, >> Dy then it follows that Dregox = 2*Dy. The
slower hydrogen incorporation mechanism involves a simultaneous flow of metal vacancies
(Vpe) to balance charge [Kohlstedt and Mackwell, 1998; 1999], with chemical diffusivity
expressed as

Dincorp = 3Dvime)Dr/(2Dvme) + Dh) (2)
where Dyue) (mz/s) represents the diffusivity of metal vacancies. If Dy >> Dvyue), then it follows
that Dincorp = 3 Dvome). Hydrogen chemical diffusion results can be combined with Dy values to
calculate the diffusivities of Fey, and V. in olivine using equations 1 and 2. Dy in olivine has
only previously been studied indirectly.

In this study we examine deuterium (*H) - hydrogen (‘H) exchange as an approximation
to Dy. This process involves saturation of samples with 'H at pressure and temperature, and then
subsequent exchange of the 'H with “H at the same conditions. We used secondary ion mass
spectroscopy (SIMS) to measure “H and 'H concentrations in our samples. Similar to equation 1
for hydrogen-polaron exchange, the diffusion coefficient for “H-'"H exchange depends on the

concentrations of *H (X 2y) and 'H (X )"

Dzy_1y = X 2y tX 1H) D1yD zH/(X 1D 14X 2D ZH) 3)
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Therefore D z4_ 14 varies in value between D 2y and D 1y depending on both time and distance
from the edge of the olivine crystal. However absolute rate theory predicts only a small

difference between diffusion of *H and 'H, with D 1y =D2y/ /2. Therefore we can approximate
that D 2;;_ 1y ® D 1y = D 24, with only slight underestimation of hydrogen self diffusion

coefficient (< 0.15 log units).

In olivine, Dy (i.e., hydrogen mobility) is high, and therefore has significant contribution
oy to the overall electrical conductivity of olivine o1, [Karato, 1990]. The electrical
conductivity of nominally anhydrous olivine op,y is dominated by Fey;, and Vy, [Schock et al.,
1989; Constable and Roberts, 1997; Du Frane, 2005]. High 6 anomalies in some regions of the
upper mantle [Filloux, 1980; Oldenburg, 1981; Evans et al., 2005] cannot be explained by dry
olivine and have instead been attributed to grain boundary phases, melting [e.g., Shankland and
Waff, 1977; Shankland et al., 1981], and/or hydrogen [Karato, 1990]. Published measurements
agree that hydrogen significantly enhances the ¢ of upper mantle and transition zone minerals,
but differ on how much and by what mechanism(s) hydrogen contributes [Huang et al., 2005;
Wang et al., 2006; Yoshino et al., 2006; 2009; Manthilake et al., 2009; Romano et al., 2009; Poe
etal., 2010].

Dy can provide a different perspective on how oy affects o1 with information
exclusively on hydrogen mobility. Dy and oy are related by the Nernst-Einstein relation

o, [hkl] = D ki) Cuq’/(kT) 4)
where f is a unitless numerical correlation factor approximately equal to 1, Dy jhi is the

hydrogen self diffusion coefficient (m*/s) in crystallographic direction hkl, Cy is concentration of
4
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hydrogen (1/m?), q (C) is charge, k (J/K) is the Boltzmann constant, and T (K) is temperature.
Karato [1990] predicted oy in olivine using chemical diffusion coefficients with equation 4. We
improve this effort by applying our more appropriate measurements of Dy. This approach
assumes oy occurs by self diffusion of all hydrogen as ions (i.e protons), but does not account for
the possibility of hydrogen speciation, where different species could have different mobilities or
charge depending on site (i.e., H;, Hy,, and (2H)¥;,) [Karato, 2006]. However, the Nernst-
Einstein relation provides a valuable end member case for comparing Dy to 6 measurements on
hydrous minerals. Our model indicates that oy is highly anisotropic and has significant
contribution to electrical conductivity of olivine, but is unable to account for high magnitude o
anomalies that have are observed in the asthenosphere.
2. Experimental Techniques
2.1. Sample preparation

Crack- and inclusion-free pieces of a single crystal of San Carlos olivine were selected
from the same large crystal used for previous studies on op,, [Du Frane, 2005; Du Frane et al.,
2005]. Electron microprobe analysis indicates a composition of Fogg ;. The crystal was oriented
through optical microscopy and Laue back-reflection X-ray diffraction. It was then cut within +/-
5 ° of each principal axis to make several orthorhombic parallelepiped shaped samples with ~2.0
mm length parallel to the [100] direction, ~1.5 mm length parallel to [001], and ~1.0 mm length
parallel to [010] in the Pbnm space group. These lengths allowed us to track orientation and
obtain 1-D diffusion information for all 3 orientations in each experimental run.

2.2. Experimental Design
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Experiments consisted of three steps: 1) a ,dry anneal*to set a homogenous population of
anhydrous point defects, 2) a ,,wet anneal* to saturate samples with hydrogen, 3) an ,exchange
anneal® to exchange “H for 'H.

Control of point defect chemistry was achieved with a ,dry anneal“in a 1-atm gas mixing
furnace at 1300 °C for > 15 hours (Table 1). We used a CO,:CO gas mixture to control
fo, at that of the Ni-NiO buffer (NNO). This step fixed the concentrations of defects in the metal
sublattice (e.g,. oxygen-, silicon-, and metal- vacancies or interstitial defects), where high
temperature was required because of relatively slow diffusion in comparison to hydrogen or
polarons [e.g., Kohlstedt and Mackwell, 1998].

A ,,wet anneal* was then performed in a piston cylinder device with 'H,0 to saturate the
olivine with 'H at 2.00 +/- 0.05 GPa and 750-900 (+/- 2) °C for 16-48 hours. Durations varied
with temperature (Table 1), and were sufficient to saturate hydrogen throughout the crystal via
the redox exchange mechanism [Kohlstedt and Mackwell, 1998]. Samples plus H,O were
contained in a 1 mm thick-walled silver capsule lined with 0.13 mm thick gold. Olivine powder
(sieved to < 20 pm) was included to prevent dissolution of the sample. SiO, was buffered by
inclusion of a few San Carlos enstatite crystals, and f,, was buffered using Ni foil separated
from samples by a AgzoPd; foil membrane [Diedrich et al., 2009]. The fluid also provides a
hydrostatic pressure medium to reduce impingement or crushing of samples. Pressure and
temperature were increased and subsequently decreased together to follow an approximately

isochoric P-T path to reduce sample fracture or capsule leaks.
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In the final ,exchange anneal“H and 'H were exchanged under identical
pressure/temperature/ f, conditions as the previous ,wet anneal of the individual samples. The
bath consisted of ~9°H,0:1'H,O by weight and the runs were 10-60 minutes duration. Samples
were initially pressurized to 2 GPa and heated to 500 °C simultaneously. From 500 °C the target
temperature was reached in less than 5 minutes. Runs were finished by cutting power off to the
heaters such that the temperature reduced to < 500 °C in seconds. Recovered samples were cut
into two pieces and polished (1 um) in two different perpendicular directions to expose two
faces, each containing 2 of 3 principal orientations.

3. Secondary lon Mass Spectrometry

Determination of the post-run 'H and *H profiles were obtained by performing SIMS on
sectioned samples using the Cameca 6f at the ASU National SIMS Facility (http://sims.asu.edu).
SIMS provides beam diameters of a few microns with usable primary currents and sensitivity of
~10-100 H/10° Si in silicon [Hauri et al., 2002; Koga et al., 2003; Aubaud et al., 2007]. A
primary beam of cesium ions sputtered and accelerated negative secondary ions into the mass
spectrometer, creating ~8 um diameter craters restricted by a field aperture for regional spot
analysis (Figure 1).

We used hydrogen in olivine standards previously studied by Tenner et al. [2009] for
some preliminary experiments, but the majority of data in this study was collected
“standardless”. Du Frane [2010] measured 75 +/- 15 ppmw H,O (or ~1500 H/10° Si) in olivine
surrounded by liquid H,O at 2 GPa, 950 °C, for 48 hours; but these samples did not undergo a

,.dry anneal” step. Hydrogen solubility in olivine varies from 1000-2400 H/ 10° Si (~50-120

7
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ppmw H,0) at 2 GPa, between 750 — 900 °C [Zhao et al., 2004; using water fugacity values
from Pitzer and Sterner, 1994]. Hydrogen contents of the olivine samples in this study largely
depend on the metal sublattice fixed by the high temperature ,dry anneal®, and are therefore
likely to have less temperature variation than solubility measurements. Absolute concentrations
are not required to determine diffusion coefficients. The most critical data are ion intensities for
'®*0'H and'®0’H in the interior (low '°0O*H, high '°0'H) and the edge (high '°O’H, low '°0O'H) of
the olivine crystal. Further details on SIMS analyses are in Supplement Section S1. Due to lack
of calibrations we cannot quantitatively balance 'H + *H; however, samples exhibit qualitative
relationships of 'H diffusing out of and *H diffusing into the crystal (See Figure S1 in
Supplement Section S1).
4. Results

Wet/exchange anneals were performed at 2 GPa and temperatures of 750 (PC25), 800
(PC28), 850 (PC30), and 900 °C (PC33). Samples generally experienced some fracturing on
mechanically weak edges and corners, but we were able to track orientation for samples PC25,
PC28, and PC33. Sample PC30 was more fractured, and we lost track of the orientation.

Diffusion profiles were collected for 'H and *H for each principal orientation of each
sample. Profiles consisted of an array of spot analyses plotted versus distance from the nearby,
oriented edge of interest, while being sufficiently far from other edges (Figure 1). 'H diffused out
and H diffused into olivine and enstatite (Figure S1 in Supplement Section S1). This verifies
that ’H exchanged with 'H in our experiments, demonstrating that the diffusion coefficients we

have measured are good approximations of self diffusion coefficients. SIMS results indicate that
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*H diffused the furthest in the [100] direction at each temperature (Figure 2). Experiments were
short enough in duration to prevent diffusion of “H to the center, so that data in the slower [010]
and [001] directions were not affected by diffusion in the fastest [100] direction. Short diffusion
lengths in the [010] and [001] directions limited the analysis of diffusion profiles for these
directions.

’H profiles were analyzed using 1-D solutions to Ficks second law for a semi-infinite
solid [Carslaw, 1959; Crank, 1975; Ingrin and Skogby, 2000]. Concentration along the x-

direction perpendicular to the surface is

() 0
1 0 H

where C(x,t) (‘°0*H/*"Si) is concentration at distance x (m) and time t (s), Cy is the initial

concentration (set to zero), and C; is the concentration at the sample boundary. Errors in
diffusion coefficient were determined as +/- one standard deviation from the least squared fitting
solutions (Figure 2 insets). 'H was not included in fits to determine Dy; because of the relatively
larger error in these data. A full 3-D analysis [Demouchy and Mackwell, 2003] was not necessary
because our results indicate that Dy [100) >> Du 0013, Drijo10)- We fit diffusion coefficients
(weighted by error) to the Arrhenius equation to determine the preexponential term Dy, 190

(m?/s) and activation enthalpy H, 100; (kJ/mol)

H
Log(D [100] (M) = LOg(Do,[wo]) - ﬁ (6)

where R is the gas constant. For “H-'H exchange in olivine at 2 GPa between 750-900 °C, we

determined Dy, [100] = 10°4° 719 m?/s and Ha, [1007= 140 +/- 30 kJ/mol (Figure 3).
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For Dy in the [010] and [001] orientations we fixed the boundary condition (C;) to those
values derived from [100] fits (labeled ,anchorin Figure 2D). We determined Dy o017 = 107120
2 m*/sat 900 °C (Figure 3). Spatial resolution was insufficient to resolve diffusion profiles for
[010] and for [001] below 900°C. In these cases maxima for diffusion coefficients were
estimated (Table 1, Figure S1 in Supplement Section S1). These maxima validate our treatment
of [100] diffusion data as 1-D (equation 5). Diffusion coefficients were also estimated in 3 non-
oriented directions in a bisection of the PC30 olivine sample (Table 1).

Useful information about polaron diffusion and electrical conductivity can be inferred
from comparison of measurements of Dgegox and Dy, however we must consider the pressure
differences between these two studies, which were conducted at 0.3 and 2.0 GPa respectively.
Activation enthalpy has the following dependence on pressure:

H,=E, + PAV, (7)
where E, is activation energy, P is pressure, and AV, is activation volume. Activation volume
(AV,) for Dgredox and Dy are poorly constrained; however the H, value we calculate for Dy, [100;
(140 +/- 30 kJ/mol) is nearly identical to that of Dredox, (1007 (145 +/- 30 kJ/mol). This suggests

that activation volume is small, and we assume that AV, = 0 in the following calculations.

Although limited data were obtained for Dy [010) and Dy joo17 from our experiments, we
estimate their values and Dy, [100) using equation 1, which be rearranged algebraically to solve for
Dy, Dy, Xy, and Xy; the requirement that these quantities be positive yields several constraints
(See Supplement Section S2). We combine these with our result Dredox,[100/ D100 = 10°%¢ =

7.24 to obtain the following constraints:

10
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0 <X, <0.16%Xy (8a)

DRedox < Di < 625*Dredox (8b)
Although we do not have measured values for X} and Dy, as they pertain to the samples used to
measure Dredqox, W€ can use these constraints to make a reasonable estimates. Kohlstedt and
Mackwell [1999] approximate that Xy < Xy, throughout their samples over the entire duration of
their experiments, however this conflicts with constraints given in equation 8a. These can only
be satisfied if the majority of polarons exchanged with hydrogen near the edges of their samples
during the experiments, which implies that boundary values of X}, and Xy towards the end of
their experiments largely determine the constant Dgegox Values they fit. We approximate X;, =
0.08*Xy, the middle of the range constrained by equation 8a.

Using this ratio between X;, and Xy along with measurements of Dy [100) and Dredox,100]

= 10738 140IMORT) 1,26 D must be greater than

we use equation 1 to calculate Dy 100
Dredox,[100] as required by equation 1 (See Supplement Section S2 for derivation), and is slightly
greater than that calculated for polycrystalline San Quintin Dunite [Constable and Roberts 1997]
(Figure 3). There is little anisotropy for 6pry (< 0.3 log units) which is believed to be dominated
by small polarons for temperature less than ~1300 °C [Schock et al., 1989; Du Frane, 2005; Du
Frane et al., 2005], therefore we can use the approximation Dy, 100} = D o101 = Dh,fo017. Using

Dh,[lOO] along with DRedox,[OlO] and DRedox,[OOl] in equation 1 we calculate DH,[O]O] = 10-5'4*6(-

170kJ/mol)/(RT) = 107843 o(-100kI/mol)/(RT)

m?/s and Dyi,j001 m?”/s (Figure 3). These calculations are in
fairly good agreement with our measured and estimated values for Dy [901] and estimated values

for Dy [010) (Figure 4, Table 1).

11
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From Dy in olivine we construct a oy model as a function of H,O content and
temperature using equation 4. Measurement of Dy [100] and calculations of Dy j10; and Dy o017 are
combined with equation 4 to calculate o 100], Om o105, and G joo1] respectively, with geometric
mean oy = 10" #POMVRD /1y for 102 wt% H,O (Figure 4a and 4b; See Supplement
Section S3). oy in olivine is combined with 64, (NNO) to calculate ot in each principal
orientation (See Supplement Section S3) (Figure 4c and 4d). For nominally anhydrous olivine,
we use the o model from [Du Frane et al., 2005]. This study used samples cut from the same
large San Carlos olivine crystal. Extrapolation of op,, from single crystal studies [e.g., Du Frane
etal., 2005] to lower temperature and reduced f, results in high c relative to polycrystalline,
nominally anhydrous olivine [e.g., Constable et al., 1992, Roberts and Duba, 1995, Xu et al.,
1998]. For comparison to the range of reported values for 64, we also show o1 calculation
using the SEO3 model [Constable, 2006] (Figures 4c and 4d). We calculate oy and o for
polycrystalline olivine that are lower than those inferred from measurements by Wang et al.
[2006] and more similar in magnitude to those of Yoshino et al. [2009] and Poe et al. [2010],
(Figure 4).

Diffusion coefficients for “H-'H exchange were also measured in non-oriented, single
crystal San Carlos enstatite Dy, g, at 2 GPa and 750-900 °C (Table 1). ,,Dry anneals™ were not
performed on enstatite samples. For PC33 at 2 GPa and 900 °C, Dy, g, values were calculated
along 3 orthogonal directions parallel (+ 10 °) to the optical extinction angles of one enstatite
sample. Dy, g, are 107177703 1m2/s for directions 1 and 2, and 107129493 1;2/s in direction 3; this

indicates a maximum anisotropic variation of ~0.3 log units. Dy g, = 107132700 m?/s at 2 GPa

12
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and 800 °C, which ranges between that of synthetic and synthetic, Cr-doped (~0.6 wt%) enstatite
[Stalder and Behrens, 2006].
5. Discussion

Kohlstedt and Mackwell [1999] show that for the special case X}, = Xy and if Dy, >> Dy
then Dgegox = 2*Dy, and other authors [e.g., Demouchy and Mackwell, 2006] have used this last
relationship. We measure Dy, (1007 for olivine at 2 GPa that is a factor of 7.2 (or 0.86 log units)
lower than Dregox, (1007 (at 0.3 GPa) (Figure 3), therefore our results indicate that these conditions
are not met for AV, = 0. Alternatively, we calculate that AV, = -RT* {0In(Dy [100)/ 0P} = 7x10°
m> would satisfy the condition that Dgeqox = 2*Dy for both pressures. Our results indicate that Dy
>> Dyme) Which supports the conclusion by Kohlstedt and Mackwell [1998] that Diycorp =
3Dvme).

We use Dy, 100] and Dredox, (1007 to calculate Dy 1007. Sato [1986] extrapolated data from
Misener [1973] to Fog, composition to derive a value of D = 3 x 10" m?/s at 1400 °C;
extrapolation of our calculation to 1400 °C gives excellent agreement with Dy, 100) = 7 X 10”7
m?/s. The values we calculate for D, [1007 are also in good agreement with D, = 1 x 10° m?/s at
1400 °C modeled from 1-atm ¢ and thermopower measurements of dry, fine grained,
polycrystalline olivine [Roberts and Duba, 1995; Constable and Roberts, 1997] (Figure 3).

In olivine, Dy and oy are highly anisotropic with a maximum variation of ~2 log units
(Figure 3, Table 1). For enstatite the maximum anisotropic variation of Dy 1s only ~0.3 log units
at 900 °C (Table 1), suggesting that oy in enstatite would make only a small contribution to

mantle anisotropy. Magnetotelluric results from different tectonic environments indicate

13
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electrical anisotropies of ~0.4 to > 2.0 log units in the mantle [Bahr and Simpson, 2002;
Leibecker et al., 2002; Simpson, 2002]. It has been suggested that mantle anisotropy results from
lattice preferred orientation of hydrous olivine [e.g., Zhang and Karato, 1995; Simpson and
Tommasi, 2005]. Our results for olivine between 750-900 °C are consistent with the lower range
of anisotropy observed in the mantle. However extrapolation of Dy to higher temperature results
in larger maximum anisotropic variation of oy (~3.4 log units at 1400 °C). Cy,o would have to
be very large for o to dominate 6o, Which means that high degrees of mantle conductivity
anisotropy could indicate the presence of large amounts of hydrogen (Figure 5a).
Magnetotelluric surveys have observed high ¢ ranging between 102-10" S/m at
asthenospheric depths [Lizarralde et al., 1995; Olsen, 1999; Ichiki et al., 2001; Tarits et al.,
2004; Baba et al., 2006], and this has been attributed to hydrogen conduction [e.g., Karato,
1990]. Olivine can accommodate up to ~1000-2000 ppmw H,O (~20,000-40,000 H/10°Si) at
asthenospheric conditions (~100-200 km depth, ~1300-1400 °C) [Mosenfelder et al., 2006]. We
compare our 6t model for olivine with various hydrogen contents to these values (Figure 5b).
Our model implies that the lower range of conductivity values could be explained by ~10*10°
ppmw H,O. The highest asthenospheric ¢ would require H,O (~10* ppmw) exceeding solubility
measurements for olivine. This contrasts with the estimate of Wang et al. [2006] that 80 ppmw
H,0 (~1500 H/10°Si) can account for highest magnitude asthenospheric ¢ anomalies. The
inability of hydrogen to account for these anomalies necessitates an additional or different
contribution to o, such as melting or grain boundary phases [e.g., Shankland et al., 1981;

Yoshino et al., 2006; Yoshino et al., 2010].
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Wang et al. [2006] and Huang et al. [2005] suggested that a small fraction of highly

mobile free protons dominate oy yielding

_Ha
On = Aclrizoeﬁ ©)

where A (S/m) is a prexponential term, Cy, o is concentration of HO (ppmw), and r is a unitless
exponent ranging from 0.50-0.75. Huang et al. [2005] proposed an ionization reaction for neutral
proton pairs on metal vacancies (2H)Y; where

(2H)}te © Hye + H' (10)
where Hy is hydrogen on a metal vacancy site, which does not contribute to ¢ because of its low
mobility, and H" is a less abundant interstitial species of hydrogen with high mobility. This
contrasts with equation 4 which treats all hydrogen as contributing equally to ¢. Karato [2006]
argued that multiple species of hydrogen exist in olivine, such that hydrogen diffusion
coefficients are dominated by the migration of the more-abundant, less-mobile species of
hydrogen (neutral (2H)%;, ), and electrical conductivity is dominated by a less-abundant, more-
mobile species of hydrogen (free protons, H* ) [Huang et al., 2005; Wang et al., 2006]. If this
were true we would expect that a small population of free ’H (~5-10 ppmw based on equation 9
with reported r = 0.50-0.75 [Wang et al., 2006]) would have diffused homogenously throughout
our samples given the high diffusion coefficient of free hydrogen inferred from Wang et al.
[2006]: ~107-107 m*/s at 900 °C. This quantity (~5-10 ppmw) is only slightly above our “H
detection limit using SIMS (~5 ppmw ’H ,0), nevertheless we see no evidence of “H in the

center of our samples. However if H* exchanges with H* and has high mobility, then
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exchange between “H®and 'Hy, or (2 1H))1\(/1e seems likley, which would lead to even higher

concentrations of *H in the center of our samples. In this case “H exchange might be dominated
by the most mobile species rather than the most abundant species of “H; however, this is
inconsistent with the magnitude of our Dy values.

Alternatively, Yoshino et al. [2009] proposed a model for oy in olivine that treats all

hydrogen as a single charge-carrying species with one value of mobility. They express oy as

1
—Ha+ CH20§>

( RT
Oy = GOCHzoe

(11

where 6 (S/m) is a pre-exponential term, and is a fitting parameter. All hydrogen contributes

equally to o, similar to equation 4; however, measurements by Yoshino et al. [2009] indicate that

H, depends on Cy, o content, with an additional term (XCHZO% to correct for this. Poe et al. [2010]
report results similar to Yoshino et al. [2006, 2009]; equation 11 fit their data better than equation
9. However, their results suggest that H, has an even stronger dependence on Cy, 0. Poe et al.
[2010] suggest that the discrepancy may be due to underestimation of Cy, o by a factor of ~4
from use of the FTIR calibration by Paterson [1982] instead of more recent calibration [Bell et
al., 2003; see also Mosenfelder et al., 2006]. We are unable to determine if H, has dependence
on Cy, 0, because our experiments only covered a limited range of Cy, .

Experimentally determined H, from o measurements should reflect changes to hydrogen
mobility with temperature, assuming Cy, o does not change significantly during heating and

cooling cycles. Equation 4 assumes that hydrogen mobility is proportional to Dy/T; if correct, H,
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should be similar for both Dy and ou. For Log(Cy,0) = -2 (Cy, o in wt % H,0), H, calculated by
Wang et al. [2006], Yoshino et al. [2009], and Poe et al.[2010] are quite similar (~90 kJ/mol) and
lower than those of both Dy 1907 (140+/- 30 kJ/mol) and oy (130 kJ/mol) in this study, and Dredox
in olivine (110-180 kJ/mol) [Kohlstedt and Mackwell, 1998]. This discrepancy could be due in
part to experimental pressure differences amongst these studies, where measurements of
activation volume are needed to improve comparisons of these studies. Another possible
explanation for variations in reported H, values may be variations of Cy, o in samples during
temperature cycling in the ¢ experiments. fy,o and hydrogen solubility in olivine decrease with
increasing temperature, and vice versa. Hydrous olivine samples in such studies cannot be
isolated so hydrogen may exchange reversibly with adjacent assembly materials, which would
make hysteresis of 6y minimal, and cause underestimation of H, associated with Gt
measurements.
6. Conclusions

We measured Dy in olivine and enstatite from “H-"H exchange experiments at 2GPa and
750-900 °C. Hydrogen self diffusion is highly anisotropic, with Dy, [100; >> Dti,j001], Drjo10]- We
measured Dy [190) in olivine that is a factor of 7.2 (or 0.86 log units) lower than Dgegox, 100, and
both had similar H,. For the previous estimate that Dgegox ~ 2*Dy to hold for our measurements
of Dy 1007 at 2 GPa, an activation volume of ~7x10° m’is required. Measurements of activation
volume for hydrogen diffusion and conduction in olivine are needed to improve comparisons of

our Dy results to other studies.
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Measurements and estimates of Dy values were used with the Nernst-Einstein relation
(along with results for nominally anhydrous olivine) to model the total ¢ of hydrous olivine. Our
model suggests that hydrogen makes significant contributions to overall 6, but the conductivity
values are slightly lower than those of Yoshino et al. [2006], Yoshino et al. [2009], and Poe et al.
[2010]; and 2-3 orders of magnitude lower than that of Wang et al. [2006]. Our model suggests
that hydrogen is unable to account for ¢ anomalies observed at asthenospheric depths, but could
account for the range of anisotropy in ¢ observed in the upper mantle if hydrogen was abundant.
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510  Table 1. Olivine and enstatite diffusion coefficient results at 2 Gpa.

Sample Run Duration (hrs)} T (°O)% Orientation Experiment LogD
ol PC25 17/48/1 750 [100] ’H-"H -12.3(0.3)
ol PC25 17/48/1 750 [010] ’H-'H <-15(1%)
ol PC25 17/48/1 750 [001] ’H-'H <-13 (1%)
ol PC28 16.5/26/0.25 800 [100] ’H-"H -11.7 (0.1)
ol PC28 16.5/26/0.25 800 [010] ’H-'H <-14 (1%
ol PC28 16.5/26/0.25 800 [001] ’H-'H <-14 (1%
ol PC30 16.5/16/.17 850 non-oriented ‘H-'H -12.5 (1%)
ol PC30 16.5/16/.17 850 non-oriented ‘H-'H -12.9 (1%)
ol PC30 16.5/16/.17 850 non-oriented ‘H-'H -13.0 (1%)
ol PC33 17/18/0.17 900 [100] ’H-'H -11.2(0.1)
ol PC33 17/18/0.17 900 [010] ‘H-'H <-13 (1%)
ol PC33 17/18/0.17 900 [001] ‘H-'H -12.0 (0.2)
en PC25 17/48/1 750 non-oriented ’H-'H -13.0 (0.2)
en PC25 17/48/1 750 non-oriented ’H-'H -12.8 (0.5)
en PC28 16.5/26/0.25 800 non-oriented ’H-'H -13.2 (0.1)
en PC33 17/18/0.17 900 orthogonal 1 ’H-'H -11.7 (0.3)
en PC33 17/18/0.17 900 orthogonal 2 ’H-'H -11.7 (0.3)
en PC33 17/18/0.17 900 orthogonal 3 ‘H-H -12.0 (0.3)

511 1 Durations are presented for dry/wet/exchange anneals.

512} T given is same for both wet and exchange anneals. T = 1300 °C for all dry anneals.

513  * Error estimated because of limited data, all other errors are one standard deviation from least
514 squares fitting solutions to equation 5.
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515

516  Figure 1. Reflected light micrograph of sample PC33 showing array of craters from SIMS spot
517  analyses from the (100) edge of the crystal.

518
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Figure 2. Diffusion profiles for “H-'H exchange at 2 GPa in olivine pre-saturated with 'H. a)

750, [100]; b) 800, [100]; ¢) 900 °C, [100]; d) 900 °C, [001]. Insets show the sum of fitting

residuals squared, with fitting errors calculated as one standard deviation from each solution.
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Figure 3. Arrhenius plot of diffusion coefficients versus reciprocal temperature: Dy 100) —
outlined blue diamonds. Dy [001] — outlined red triangle. Data fit of Dy 00 - solid blue line.
Calculations of Dy, [100] - solid purple line, Dy [o10] - solid orange line, and Dy joo17 - solid red line.
Also shown are chemical diffusion coefficients based on redox exchange experiments - Dgegox
(K&M98); Kohlstedt and Mackwell [1998] ([100] — blue diamonds, [010] — orange circles, [001]
— red triangles; with data fits in corresponding colors), and small polaron diffusion coefficient
calculated from electrical properties of dry, polycrystalline San Quintin dunite - Dy, (C&R97);

Constable and Roberts [1997] (dashed purple line).
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Wang et al. [2006] (WMXKO06 - green line), Yoshino et al. [2009] (YMSKO9 - purple line), and
Poe et al. [2010] (PRNS10 - orange line). Dashed lines indicate extrapolation beyond

experimental ranges of T and Cy, o for each study.
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Figure 5. Model of o7, of hydrous olivine aggregate (this study) for various Cy, ¢, versus

reciprocal temperature. A) G1ot[100], OTot[010], aNd GTot[001]. B) Geometric means of 6ot [100),

OTot,[010], and Orotjo01]- The blue, shaded region shows ¢ values observed at asthenospheric depths,

with the high end of the range observed beneath the Eastern Pacific rise and the low end

observed beneath continental lithosphere [Lizarralde et al., 1995; Olsen, 1999; Ichiki et al.,

2001; Tarits et al., 2004; Baba et al., 2006].
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